Introduction and purpose Little information exists on surgical characteristics, complications and outcomes with corrective surgery for rigid cervical kyphosis (CK). To collate the experience of international experts, the CSRS-Europe initiated an international multi-centre retrospective study. Methods Included were patients at all ages with rigid CK. Surgical and patient specific characteristics, complications and outcomes were studied. Radiographic assessment included global and regional sagittal parameters. Cervical sagittal balance was stratified according to the CSRS-Europe classification of sagittal cervical balance (types A-D). Results Eighty-eight patients with average age of 58 years were included. CK etiology was ankylosing spondlitis (n = 34), iatrogenic (n = 25), degenerative (n = 9), syndromatic (n = 6), neuromuscular (n = 4), traumatic (n = 5), and RA (n = 5). Blood loss averaged 957 ml and the osteotomy grade 4.CK-correction and blood loss increased with osteotomy grade (r = 0.4/0.6, p < .01). Patients with different preop sagittal balance types had different approaches, preop deformity parameters and postop alignment changes (e.g. C7-slope, C2-7 SVA, translation). Correction of the regional kyphosis angle (RKA) was average 34° (p < .01). CK-correction was increased in patients with osteoporosis and osteoporotic vertebrae (POV, p = .006). 22% of patients experienced a major long-term complication and 14% needed revision surgery. Patients with complications had larger preop RKA (p = .01), RKA-change (p = .005), and postop increase in distal junctional kyphosis angle (p = .02). The POV-Group more often experienced postop complications (p < .0001) and revision surgery (p = .02). Patients with revision surgery had a larger RKA-change (p = .003) and postop translation (p = .04). 21% of patients had a postop segmental motor deficit and the risk was elevated in the POV-Group (p = .001). Conclusions Preop patient specific, radiographic and surgical variables had a significant bearing on alignment changes, outcomes and complication occurrence in the treatment of rigid CK.
Introduction
The goals of surgery for rigid cervical kyphosis (CK) are to prevent the natural course of a progressive deformity, restore horizontal visual axis, improve disability, lower pain derived from muscle fatigue, lower the risk of adjacentlevel decompensation, address and treat neurological compromise, and improve respiratory function in severe cases. There is increasing evidence that CK can have significant impact on clinical outcomes after cervical spine surgery. Corrective surgery can improve disability, pain, neurologic function, and health-related quality of life measures in CK patients [1] [2] [3] [4] [5] [6] [7] . Several authors have contributed to a better understanding of the occurrence and treatment of CK, as well as the related global spinal alignment changes that CK can cause [1] [2] [3] [4] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
Kyphotic alignment of the cervical spine per se is not always a pathologic pattern in a healthy patient [6, 21, 22] . However, mechanical and degenerative consequences from CK can cause lasting disability and neck pain due to compensatory efforts to maintain global balance [14, 15] . Once a CK becomes structural and rigid, treatment and correction become more challenging and the associated risks for complications with surgery increase. Little information exists on the technique-related outcomes and complications associated with treatment of rigid CK. The different alignment patterns of CK and their implications for surgical correction have not been well defined. These data are of paramount importance to improve the surgical management of CK as well as prevention and treatment of complications.
The current challenges with CK-correction are largely related to the standardization of safe surgical procedures and the understanding of realignment planning, intraoperative corrective manoeuvers, and complication avoidance [20] . Accordingly, to improve our understanding of surgical correction in rigid CK, members of the Cervical Spine Research Society (CSRS) were invited to participate with their expert experience in an international multi-centre analysis. The objectives were to improve the understanding of related regional and global alignment changes with surgical correction of rigid CK, to identify predictors for both radiographic and clinical outcomes using different surgical strategies, to identify risk factors for complications and revisions surgery, and to characterize differences among various sagittal cervical balance types.
The information derived from analysis of rigid CK may also be useful for the treatment of moderate and semi-rigid CK, since the challenges with treatment of rigid CK resemble a linear technical progression, though stressed, of those characteristics also experienced in the treatment of moderate and semi-rigid CK. Findings in the current study may be helpful in patient consultation and planning of cervical deformity surgery.
Patients and methods
This was a retrospective multi-centre study on the results of corrective surgery for rigid CK. Following invitation of the European CSRS (CSRS-E), surgeons of 9 spine centres agreed to participate in this retrospective study.
The primary inclusion criteron was a CK treated surgically using modern anterior screw-plate and/or posterior screw-rod constructs. The definition of rigid CK was based on either CT imaging that demonstrated intervertebral fusion or synostoses or flexion-extension radiographs that showed no motion at the CK apex (defined as ≤ 2° motion). In comparison to rigid CK, semi-rigid CK partly corrects on active flexion-extension films, in supine position, with manual traction or in halo-traction films, but it does not achieve lordotic alignment. Flexible CK completely or nearly completely corrects by active or passive motion.
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The included treatment period was between 2003 and 2014, and participating surgeons were required to submit consecutive cases from their respective practices. Each participating site received detailed instruction sheets for radiographic measurement and assessment of outcome variables. Minimum follow-up for clinical outcomes was 6 months, however, patients were included with less follow-up for the purpose of analysing surgical correction and perioperative complications.
Radiographic variables
Analysis of full-standing bi-planar radiographs was the preferred method at preop, postop, and follow-up if available. Measurements were derived from standing radiographs (cervical and/or full-standing).
Radiographic assessment included global and regional sagittal parameters ( Fig. 1 ): C7-Slope (C7S), C2-C7 angle, C2-C7 angle on extension films or halo-traction films, C0-C2 angle, regional kyphosis angle (RKA), and distal junctional kyphosis angle (DJK-angle [23] ). The authors defined the sagittal vertical axis of C2, C7 and S1 and measured their respective differences (C2-C7 SVA, C7-S1 SVA, and C2-S1 SVA). Sagittal vertebral translation (SVT) of the upper relative to the adjacent-level lower vertebra at the osteotomy level was measured in mm and expressed as a percentage (Fig. 2 ). The differences of radiographic measurements at the distinct time points were calculated.
Cervical sagittal balance was stratified based on regional and global balance according to the CSRS-E classification system [20] (types A to D). This classification scheme was designed in 2009 and has proven to be a useful and efficient approach for the assessment of CK based on regional and global balance in the hands of CSRS-E surgeons. Regional cervical balance was analysed using the SVA concept. It is an easy to apply classification of cervical balance and alignment and reflects the global balance of a patient with CK ( Fig. 3) . The CK shape was descriptively stratified into angular versus arc-shape and numerically defined by the deformity angular ratio (DAR). The DAR resembles the ratio of CK and the number of vertebrae in the kyphosis (DAR = CK (°)/ number of vertebra (n)).
The degree of C2-7 angle change on halo-traction film versus extension films was calculated in patients that had both imaging modalities available.
Radiographic fusion was assessed on post-operative radiographs and/or CT imaging. The imaging modality utilized was noted (radiographs vs. CT).
Clinical variables
Multiple clinical and surgical variables were studied, including sex, patient age, body mass index (BMI), and etiology of kyphosis. Patients with evidence of osteoporosis or osteoporotic vertebrae (POV) as in rheumatism or syndromic disease were defined as POV-Group for statistical analysis. Also, previous surgeries, tobacco use, as well as the presence of cervical spondylotic myelopathy (CSM) were noted. Grading of medical comorbidities was done using the American Society of Anesthesiology (ASA)-scoring system (1-6). Spinal cord function was studied using the ASIA-scoring system (A to E).
Clinical outcome measures included the Neck Disability Index (NDI) and the visual analogue scale (VAS)-scoring of the Euroquol-5D-5L (EQ-VAS) survey. Where available, preop and postop values were compared. The recorded overall satisfaction with surgery was classified as very satisfied/ satisfied or indifferent/not satisfied.
Surgical variables
Patient files were reviewed for blood loss, surgical time, use of intra-operative neuromonitoring (IONM), and surgical techniques including implant types.
The osteotomy applied was classified according to the classification of osteotomies and soft-tissue reported by Ames [23] (Fig. 4) . In addition, 3-column osteotomies were classified into open-wedge osteotomies (OWO, e.g. SPO), Fig. 3 Classification of cervical sagittal balance according to the shape of the cervical and cervicothoracic spine, the cervical balance measured (C2-C7 SVA) and measures of global balance (C7-S1 SVA, not shown). For cervical regional balance, measures suggesting a physiologic range in healthy individuals include a C2-C7 SVA of about 20-30 ± 10 mm [10, 22] . For trunk imbalance, measures of imbalance include a C7-S1 SVA and C7-plumb line falling anterior to the hip axis closing-wedge osteotomies (CWO, e.g. PSO), and closingopening wedge osteotomies (COWO, e.g. Y-type osteotomy [20] ) including also asymmetric osteotomy variants [20, 24] . The highest degree of cervical osteotomy applied in each patient was recorded in those patients with different osteotomy techniques at multiple levels. Perioperative major and minor complications were graded according to Glassmann [25] . Any wound-related complications as well as distal junctional failure indicating a revision surgery were recorded.
The occurrence of any postop central or segmental motor deficit was recorded and stratified according to MRC-grades (Medical research council grading system, 1-5). Bilateral and unilateral lesions were noted and the worst MRC-grade was recorded, and the referred nerve root and spinal cord level defined. A lasting postop muscle motor function of MRC ≤ 3 was graded as a major complication.
Intraoperative and immediate post-operative complications were differentiated as well as any complication that occurred during longer-term follow-up (> 3 months postop, after hospital discharge). Any postop observed distal junctional kyphosis (DJK) was noted in the surgeons detailed complication reporting.
The need for revision surgery (performed, scheduled or offered to the patient) was noted and defined as any surgery necessary as a consequence of the index surgery.
Patient files were analysed in detail whether patients had anterior, posterior or combined surgery, whether they had staged or non-staged same-day surgeries as well as for the use of preop and/or perioperative traction therapy. The fusion levels were recorded, and the end-levels were recorded as upper-most and lower-most instrumented vertebrae (UIV and LIV). The application of corpectomy and the use of autograft versus allograft and bone substitutes were recorded.
The postop days of ventilation were calculated, and the longest duration was selected for statistical analysis in patients with staged surgeries.
Statistical methods
Data consistency was checked and screened for outliers as well as normality by using quartile plots. Continuous variables were also tested for normality using the Kolmogrov-Smirnov test. Cross tabulation tables were computed and analysed using Fisher's Exact test or Pearson's Chisquared test. Independent and dependent Student t tests were used to test continuously distributed variables when assumptions were fulfilled. Pearson's and Spearman correlation coefficients were computed and tested. One factorial ANOVA as well as repeated ANOVA models were applied and corresponding LSD tests for pairwise comparisons of . Grades 6 require more predural dissection as compared to a Grade 5 explaining differences in grading the complexity of the osteotomy. Grade 5 and Grade 6 osteotomies include also asymmetric SPO [20] and PSO [24] means. 95% confidence intervals for means were computed and illustrated using whisker plots. All reported tests were two-sided. p values < .05 were considered as statistically significant. If distinct data for variables studied in subgroup analyses were not complete at all time points, the numbers of available data points for statistical comparisons are reported ('valids = n'). All statistical analyses were performed by use of STATISTICA 13 (StatSoft, Tulsa, OK/USA).
Results
Eighty-eight patients that had surgical correction of rigid CK fulfilled the inclusion criteria and were included in the present study. The number of submitted cases varied by participating site (e.g. n = 36, n = 14, n = 13, n = 10,…).
Surgical and clinical results
The mean age of patients at surgery was 58 years. Clinical baseline variables are summarized in Table 1 and surgical group characteristics are summarized in Table 2 .
Blood loss averaged 957 ml and osteotomy grade averaged 4.2. RKA-correction and blood loss significantly increased with osteotomy grade (r = 0.4/r = 0.6, p < .01) as did the correction of other deformity variables (C7S, C2-7 angle, C2-7 SVA; r = .27 to r = .5, p = .01 to p < .01) and SVT (r = .28, p = .03). Blood loss also correlated with surgical time (r = .4, p < .01), ASA-score (r = .3, p = .009), and RKA-correction (r = .26, p < .021).
With increased magnitude of preop deformity (C7S, C2-7 angle, C2-7 SVA, and RKA), the utilized osteotomy grade increased (r = 0.33 to r = 0.61, p < .001). The surgeons selected osteotomy grades ≥ 5 in patients with smaller DAR (4.9 vs. 9.5, p = .001). With increasing DAR the RKAcorrection (r = .37, p < .0001) and SVT (r = .56, p < .001) increased.
Multiple differences existed among sagittal cervical balance types. The mean osteotomy grade significantly increased from Type A (3.6) to Type B (4.1) and to Type C (5.5) with significant differences among Types A and C as well as Types B and C (p < .01). Distribution of CSM prevalence was significantly different (p = .03) among Type A (66%), Type B (36%) and Type C (12%). Likewise, the incidence of POV varied (Type A 22%, Type B 44%, Type C 65%, p = .01) as did the number of patients with LIV ≤ T2 (Type A 60%, Type B 30%, and Type C 0%, p < .001).
Analysis of NDI change in 33 patients with preop and follow-up NDI data showed a significant decrease from preop 47.5 ± 22.3 to postop 29.1 ± 22.5 (p < .01). The follow-up results for EQ-VAS score are recorded in Table 2 . At followup, NDI improvement was 18.5 (p < .01). Patients with larger residual C2-7 angle had worse NDI scores at follow-up (r = .45, p = .002). Better deformity correction showed better postop NDI and follow-up C2-7 angle (r = .31, p = .029; n = 48) and C2-C7 SVA (r = − .36, p = .01; n = 48). Accordingly, a larger NDI improvement was seen with better correction of the C2-7 angle (r = .46, p = 008) and C2-C7 SVA (r = .48, p = .005; n = 33). 89% of patients were very satisfied/satisfied with the outcome. These patients had better postop correction of the C2-C7 SVA (25 ± 27 mm vs. − 3.5 ± 46 mm, p = .03) and C2-S1 SVA (24 ± 40 mm vs. − 33 ± 51 mm, p = .01), and they had less postop change of the DJK-angle (− 4° ± 9° vs. 7° ± 9°, p = .01). Patients with complications or revision surgery had worse NDI (see complications section).
The surgical approach had no significant influence on RKA-correction. The distribution of UIV and LIV is summarized in Fig. 5 . Fifty-seven patients (65%) had fusion caudal to T2 (> T2). The POV-Group was more likely to have fusion extending caudal to T2 (86% vs. 51%, p = .02). Patients with LIV > T2 were treated with higher osteotomy grades (4.7 ± 1.7 vs. 3.1 ± 1.6, p < .001), had greater blood loss (1160 ± 696 ml vs. 541 ± 394 ml, p < .001, n = 77), and 
Radiographic results
Definition of rigid CK with intervertebral fusion on CT imaging was documented in 97% of patients and two patients fulfilled inclusion criteria based on flexion-extension films. Pre-operatively 64 patients (73%) had an arc-shaped CK and 24 patients (27%) had an angular shape. Classification of sagittal cervical balance was as follows: 36% Type A (n = 32), 44% Type B (n = 39), and 19% Type C (n = 17). The surgical approach strategy was significantly different according to this classification (p < .001). Posterior-only surgery was significantly favored for Type C (94%) compared to Type B (56%) and Type A (28%) deformities (p < .001). Patients with different sagittal cervical balance types had significantly different preop deformity parameters and postop alignment changes. These striking differences are summarized in Table 3 and illustrated in Fig. 7 .
Preop RKA was 26.9° ± 21° and postop RKA was − 7.8° ± 20.8° in 88 patients with rigid CK. The correction was 34.4° ± 15.8° (p < .0001) with a narrow 95% confidence interval of 31°-37°. Radiographic results and comparisons are summarized in Table 4 .
Postop correction of C2-C7 SVA significantly correlated with the highest osteotomy grade (r = .04, p < .001, n = 80) as well as the postop C2-7 angle (r = − 0.3, p = .01, n = 83). In return, the C2-C7 SVA showed significant correlation with the RKA-correction postop (r = .022, p = .047, n = 80) and at follow-up (r = .28, p = .01, n = 78). Perioperative traction did not influence RKA-correction in comparison to patients without traction. Traction was likely used to help improve surgical safety in selected patients.
Postop SVT-change averaged 13% (− 25% to 63%, n = 61) and was significantly correlated with RKA-correction (r = 0.4, p = .004) and preop RKA (r = .51, p < .001), as was the correction of C2-C7 SVA (r = .02, p = .047) and C2-S1 SVA (r = .34, p = .02). Preop to postop mean SVT was significantly greater in patients with correction of angular versus arc-shaped CK (20% vs. 5%, p = .002), while the osteotomy grade had no influence on postop SVT. Likewise, SVT showed an inverse correlation with the number of vertebrae included in the kyphotic curve (r = − .29, p = 0.25).
Analysis of radiographic measures over time showed a significant postop improvement of the C2-7 SVA (p < .0001), the C2-S1 SVA (p < .02 to p < .0001) with a mild increase of the C7-S1 SVA (p = .02). The postop change of the C2-C7 SVA (r = .02, p = .047) and the change of the C2-S1 SVA (r = .34, p = .02) correlated significantly with the RKA-correction. Significant compensatory postop changes were also noted in the C0-C2 angle (p < .0003), the C2-C7 angle (p < .00001) and the C7S (p = .03). For the C7S, a strong correlation was seen with the C2-C7 SVA preop as well as postop (r = .69, p < .001, n = 78). The physiologic interdependences between the spinal regions are illustrated in Fig. 6 . The distinct postop changes of cervical alignment and varying alignment behaviours among the different types of sagittal cervical balance are illustrated in Fig. 7 .
The change of the C2-7 angle on neutral lateral films compared to the C2-7 angle on traction films (halo-traction, calliper traction, manual traction) or active extension films was − 5.5° ± 12.1° (valids = 47) stressing an overall rigid cervical spine. Notably, in the POV-Group this difference was − 13.8° ± 13.7° compared to − 3° ± 10.5° (p = .008) in the Non-POV-Group. Also, in the POV-Group RKA-correction was significantly increased (41° ± 13° vs. 30° ± 16°, p < .001) as was the change of the C2-C7 SVA (27 ± 28 mm vs. 11 ± 25 mm, p = .01), while changes in the DJK-angle were not significantly different.
The difference between the C2-7 angle on traction films and extension films in 8 patients with both radiographs available for analysis averaged 4.5° in favour of the extension film.
Complications
The distribution of complications and incidences is summarized in Table 5 .
Stratification of postop segmental motor deficits according to osteotomy types (OWO vs. CWO/COWO) showed that 31% (8 of 26 patients) with OWO had MRC ≤ 4 and 30% (7 of 23 patients) with CWO/COWO had MRC ≤ 4. 15% (4 of 26 patients) with OWO had MRC ≤ 3 and 17% (4 of 23 patients) with CWO/COWO had MRC ≤ 3. The differences were not significant. Fifty-two percent of patients (46 patients) had highest osteotomy grade ≥ 5 and the incidence of segmental motor deficits MRC ≤ 4 was 30.4%. In 41 patients with osteotomy grade < 5 this incidence was 24%. 20% of patients (9 of 46 patients) with osteotomy grade ≥ 5 had MRC ≤ 3 and 24% (10 of 41 patients) with osteotomy grade < 5 had MRC ≤ 3. The differences were not statistically significant. The DAR and the osteotomy type also did not correlate with motor deficits. However, the risk for any segmental motor deficit was elevated in patients of the POV-Group (38% vs. 9%, p = .001). In the POV-Group, the risk for postop segmental motor deficit MRC ≤ 3 was also more likely (32% vs. 6%, p < .001). On a continuous scale, a worse postop MRCgrade correlated with age (r = − 0.37, p = .02), preop RKA (r = − .037, p = .04), postop deformity correction (change of C7S (r = 0.44, p = .008), C2-7 angle (r = − 3.6, p = .03) and C2-7 SVA (r = .45, p = 006)), and in particular with the severity of SVT (r = − 0.55, p = .005). At follow-up, MRCgrade averaged 4.5 (see Table 5 ), and only two patients had MRC ≤ 3.
ASIA-scoring data were available in 70 patients. Except for four patients, all other patients revealed preop and postop ASIA Type D or E. One patient with Type B improved to Type D, another with Type C improved to Type D and two patients with Type A maintained their respective functional levels. One patient with 3CO declined from Type E to permanent Type C. Three patients had preop and postop but not follow-up ASIA-scoring data available due to death or loss to long-term follow-up.
An immediate postop complication occurred in 43% and the risk increased with age (61 ± 14 yrs. vs. 52 ± 17 yrs., p = .01), BMI (29 ± 7 vs. 27 ± 5, p = .048), surgery time (415 ± 102 min. vs. 350 ± 147 min, p = .03), ASA-score (2.9 vs. 2.5, p = 006), blood loss (1212 ± 800 ml vs. 747 ± 469 ml, p = .001) and greater preop deformity (C7S/p = .047, C2-7 SVA/p = .048, C2-S1 SVA/p = .01, C7-S1 SVA/p = .01). The risk for an immediate postop complication also increased in the POV-Group (69% vs. 26%, p < .001) and in patients with LIV > T2 (51% vs. 29%, p = 0.48).
A major long-term complication occurred in 22% of patients. These patients had significantly longer surgery times (449 ± 149 min. vs. 364 ± 121 min., p = .04), greater preop RKA (37° ± 26° vs. 24° ± 19°, p = .01) and SVT (28 ± 25% vs. 12 ± 17%, p < .01), as well as larger RKAcorrection (43° ± 15° vs. 32° ± 15°, p = .006). They also had worse NDI scores at follow-up (53 ± 26% vs. 23 ± 20%, p < .001) and worse EQ-VAS (52.8 ± 31 vs. 77 ± 15, p < .001). Major complications were more likely in smokers (57% vs. 20%), though the difference did not reach statistical significance (p = .08).
Revision surgery was indicated in 26%. These patients had greater RKA-correction (42° ± 15° vs. 31° ± 15°, p = .003), blood loss (1237 ± 837 ml vs. 842 ± 574 ml, p = .02), larger postop C7S (43.4° ± 17° vs. 34° ± 18°, p = .03), SVT (10 ± 13% vs. 2 ± 9%, p = .01), and the DJK-angle (18° ± 6° vs. 11° ± 10°, p = .02) as well as a larger postop increase of DJK-angle (− 8° ± 11° vs. 0° ± 8°, p = .007, n = 56). These patients also had a worse NDI at follow-up (46 ± 25% vs. 20 ± 18%, p < .001). The risk for revision was higher in the POV-Group (39% vs. 17%, p < .001) and in smokers (54% vs. 23%, p = .03). The incidence of any type of wound-related complication treated either non-surgically or surgically was 14%. Patients with a wound-related complication were more likely to experience DJK (50% vs. 9%, p = .04). The incidence of distal junctional failure (including screw pull-out, screw loosening, vertebral fracture, implant failure, posterior element fracture) and/or advanced recurrent kyphosis was 13%. Graphs show means with 1 standard deviation and 95% confidence interval (CI). The p-level for differences among variables measured at different time points is listed in Table 4 Discussion Information on the most appropriate treatment approach for each CK pattern is scant and requires individual consideration based on the underlying etiology. Likewise, a recent study on 71 patients with adult cervical deformity from 11 centres reported on 6 months follow-up [26] . Due to a limited number of studies, understanding of treatment effects in CK surgery is only slowly growing. The current study is one of the largest to focus on the surgical treatment of rigid CK and includes a multitude of etiologies. Sample characteristics regarding age, ASA-score, fusion levels, blood loss, and use of anterior and/or posterior and combined approaches were similar to previous studies on CK with a representative sample [1, 23, [27] [28] [29] [30] [31] . Our study was designed to address all facets of treating rigid CK and serves as a good basis to characterize future research needs. The main results will be discussed in the context of relevant literature.
Our study defined rigidity of CK on preop CT-scans in 97% of patients and is, thus, one of the first to differentiate into rigid, semi-rigid and flexible CK. Surgical invasiveness, the need for a surgical release and utilization of osteotomies is significantly increased in patients with rigid CK in comparison to semi-rigid and flexible CK. Accordingly, to compare the effect of each surgical approach and technique, CK flexibility must be reported in CK studies. In the majority of previous studies, the flexibility was not analysed [26] [27] [28] . One study reported on the correction of 21 patients with flexible CK and 12 patients with semi-rigid CK [32] . Another study used flexion-extension films to determine CK flexibility and for definition of 'fixed' CK [33] . In a study by O'Shaugnessy [34] , the authors defined fixed CK as less than 50% reduction on dynamic flexion-extension films and by ankylosis on CT scan. By definition, CK is rigid in patients with OPLL [35] and ankylosing spondylitis (AS) [36, 37] . In the current study, only patients with rigid CK with ankylosis on CT scans or motion < 2° on flexion-extension films were studied.
In adult patients with cervical degeneration but a globally balanced spine, the sub-axial cervical spine was shown Instrumentation failure n = 6
Wound-dehiscence indicating revision surgery n = 5
Distal junctional kyphosis or failure n = 4
Death by PVT, postop cardiopulmonary decompensation or unrelated cause n = 3
Lasting postop MRC ≤ 3 n = 2
Tumour recurrence n = 1
Myelopathic neurologic worsening n = 1
Cerebral infarction due to carotid artery stenosis n = 1
Worsening of arm function in a patient with congenital spasticity n = 1
Any minor long-term complication a n = 13 (15.3%) n = 85
Mild nerve root irritation of C8 n = 4
Deep-fascial painful dehiscence n = 2
Unilateral reccurent nerve palsy n = 1 DJK due to osteoporotic T9# n = 1
Mild progressive re-kyphosis C2-7 n = 2
Mild to moderate dysphagia n = 2
Anterior screw tip prominence n = 1
Revision surgery Bilateral versus unilateral n = 6 (27.3%) versus n = 16 (72.7%) to reveal different alignment patterns including a global kyphotic cervical spine as well as straight, sigmoid, and reverse sigmoid curve patterns [21] . The CSRS-E classification of sagittal balance types among patients with rigid CK showed that substantial clinical and radiographic differences exist according to each type. The surgical approach selected varied significantly among types as well as osteotomy types, fusion length, and number of patients with LIV > T2 and CSM. Patients with different sagittal balance types had significantly different preop deformity parameters and had different correction geometries with different postop alignment changes. These findings indicate that in future studies, outcomes and complications as well as technique-and strategyrelated results should not only be differentiated according to CK rigidity but also to the sagittal cervical balance type.
Surgical and clinical results
Blood and fluid-volume management can pose significant challenges during lengthy and invasive cervical spine surgeries [38] . This is particularly true in CK surgery. In our study, blood loss was shown to be closely related to the invasiveness of the procedure in terms of surgical time, osteotomy grade, extent of surgical deformity correction, and clinical factors such as ASA-scores. Blood loss correlated with complication occurrence. In a study by Kim [28] the authors reported on increased blood loss with cervical CWO in comparison to other osteotomy techniques. In a recent study by Koller [39] on 91 patients with cervicothoracic fusions, blood loss significantly correlated with BMI and etiology of CK. AS patients had increased blood loss. This was not the case in our study and might be related to a broader spectrum of etiologies and age ranges included as well as differences in the rate of revision surgery at index treatment which was 63% [40] versus 28% in the current study. Several studies have identified a correlation between the correction of CK and improved neck pain and disability. In a study by Kim [28] on 61 CK patients with 2.5 years followup preop NDI significantly improved from 34 to 22. In a study by Theologis [1] on 10 CK patients, NDI improved significantly from 54.5 to 42.6. Other authors also reported an improvement of neck pain and disability after correction of CK [9, 41, 42] . In those patients in our study with clinical outcome data available, improvement of disability and pain was related to CK-correction. Of note, patients with better deformity correction and less residual deformity had better clinical outcome measures at last follow-up. Patients with major complications had worse NDI scores at follow-up. These findings are in line with prior studies that reported a positive correlation between clinical outcomes and reduction of cervical deformity, and worse outcomes in patients with revision surgery [1, [3] [4] [5] 43] .
Radiographic results

Surgical kyphosis correction
The current study enabled the analysis of geometric changes following surgery in 88 patients with rigid CK. The highest osteotomy grade selected by the surgeon rather than the surgical approach had a main influence on the degree of RKA-correction. Statistical analysis revealed that with increasing osteotomy grade the deformity correction could also be increased. As a consequence, the severity of SVT increased with the degree of deformity correction and was higher in patients with angular versus arcuary shaped CK. This information indicates special considerations to prevent intraoperative SVT in patients with intended large corrections and angular deformity.
Our average correction was 34° and significant postop correction was shown for all cervical deformity measures.
Comparison of patients with 3CO and without 3CO showed a significantly different RKA-correction of 37° (± 15°) and 31° (± 16°). One has to consider that the wide range for correction reflects the different surgeons' targets for each individual case and the feasibility of achieving that correction during surgery.
These results compare well with previous studies published on the correction on rigid CK. Regional radiographic correction reported averaged 20°-25° in a series on OWO [44] with average 37° CVBA-correction [37] . Mehdian [45] reported on CBVA-angle correction of 47° in a series of 12 AS patients using OWO. Deviren [41] reported a mean correction of 49° and improvement of C2-7 SVA by 4.5 cm in 11 patients undergoing C7 or T1 CWO. In a series of 8 patients by Samudrala [46] , correction averaged 36°, and 57° in a series of 8 patients by Tokala [47] . Lee [48] reported on 7 patients that had 3CO, 5 with CWO and two who had combined approaches. CWO was at C7 and C6, and mean correction was 40°. In a series on 48 patients with cervical or upper thoracic 3CO by Theologis [1] correction of C2-T1 angle was 26°-44° and C2-C7 SVA 3.8-1.7 cm. In a series of 16 patients by O'Shaughnessy [34] with 'fixed' CK treated with 3CO using an antero-posterior strategy, mean correction angle was 48°. Kim [28] analysed the results of 61 CK patients including rigid and non-rigid CK. With OWO, mean CK-correction and C2-C7 SVA change was 10° and 1.8 cm, with CWO 34.5° and 2.5 cm, with combined anterior release and posterior correction 17° and 1 cm, and with anterior release and posterior correction applying an OWO-mechanismn 28° and 3 cm, respectively. In another analysis on 23 patients [20] , correction of CK and SVA averaged 19° and 40 mm without differences among different 3CO types. SVT averaged 17%. The current study did not find differences among 3CO techniques because the 3CO type usually is not the limiting factor for maximum CK-correction. Rather patient and strategic factors influence the strategy and osteotomy type selected including the feasibility of the approach, patient age and comorbidities, previous surgeries, a clinical rationale balancing neurologic risks with surgical possibilities, concerns on post-decompression stability and surgical invasiveness. The surgical target angle takes into account whether the goals discussed with the patient are to restore radiographic alignment towards normalcy, to improve CK in order to address the spinal cord being draped over the kyphotic apex, to improve visual axis, and/or to translate the centre of gravity of the head posteriorly to unload painfully fatigued posterior neck muscles. Therefore, further analysis of the maximum CK-correction achieved with different approaches or with different osteotomy types was not done in the present study.
Cervical spinal alignment changes and balance
Analysis of radiographic variables over time showed a significant interdependency of regional alignment changes at the level of correction and the adjacent mobile cervical regions, e.g. at C0-C2 or the thoracic spine represented by the C7S. For patients with rigid CK our study confirmed the strong physiologic interdependencies between the craniocervical, cervical, cervicothoracic, and thoracolumbar spinal alignment as observed in healthy subjects [49] [50] [51] [52] [53] [54] . In a study on 145 healthy or operated patients [50] the authors showed significant correlations between the upper and lower cervical regions and the thoracic spine (C7S). No significantly different correlation strengths were found among asymptomatic, symptomatic, and surgically treated patients. The C7S was shown to be a useful marker of overall sagittal truncal alignment, acting as a link between the occipito-cervical and thoracolumbar spine. Another study, limited to the cervical region, confirmed these observations following correction of flexible CK and showed strong interdependencies among cervical levels preop and postop [55] . In our study on rigid CK, the physiologic interdependencies between spinal regions could also be differentiated according to the sagittal cervical balance type. This analysis stressed the geometric differences among types in regard to postop alignment changes (Fig. 5) . The study also demonstrated significant interdependencies between alignment changes of the cervical and thoracolumbar spine as well as between regional cervical spinal alignment changes and measures of cervical balance (e.g. AP translation of C2-C7 SVA) and global measures of trunk balance (e.g. AP translation of C2-S1 SVA and C7-S1 SVA).
Following CK-correction reciprocal changes with an increase of thoracic kyphosis and decrease of T1-and C7-slope can be observed if patients have a flexible thoracic spine [56] . In patients with CK revealing both preop spinal and pelvic compensation, postop spino-pelvic reciprocal changes can be observed as well [20, 57, 58] . In a recent study with 45 patients showing a cervical or cervicothoracic driver of their deformity, Passias [26] reported that patients operated at cervical driver levels showed concomitantly increased postop thoracic kyphosis and T1-slope [26] . In another study by Lee [56] on 54 patients with mild CK and ≥ 2-level fusion, increased postop C2-C7 lordosis correlated with a decreased lordosis of C0-C2 as well as a significantly increased thoracic kyphosis and T1-slope, while lumbo-pelvic parameters were not changed in lieu of only mild deformities operated. In a study from Ramchandran [58] improvement of cervical alignment in 75 patients with fusion within C2-T4 was accompanied by an increase of thoracic kyphosis and C7-S1 SVA, while a decrease of C0-C2 angle was noted. No change was noted in thoracolumbar and lumbo-pelvic variables. If osteotomy correction includes the cervicothoracic junction, the postop changes of C7 and T1 slope and thoracic kyphosis differ: In a study by Smith [30] on 23 CK patients with both cervical and upper thoracic 3CO, the authors noted an average decrease of T1-slope while thoracic kyphosis was maintained and C7-S1 SVA slightly decreased. Lumbo-pelvic measures did not change. In a study by Theologis [1] on 48 patients, T1-slope only slightly improved following cervical osteotomy while significant improvement was noted for patients with upper thoracic 3CO. Global alignment defined by the C7-S1 significantly improved only in patients with upper thoracic 3CO.
The findings of Theologis [1] and Smith [30] echo those of the current study. Here, several patients showed postop improvement of both cervical compensatory alignment, such as at C0-C2, and thoracic kyphosis (C7S) (Fig. 6) as a consequence of a) postop immediate change of C7 and T1-slope in patients with cervicothoracic osteotomy or b) by relaxation of the infra-cervical compensatory alignment CK patients recruit in an effort to maintain horizontal gaze and global standing alignment [58] . The findings of significant interdependencies of regional cervical and global truncal alignment changes in rigid CK are striking. First, several patients had multilevel cervicothoracic fusions averaging 7.6 levels, reaching the thoracic spine proximally and leaving only C0-2 mobile. Second, several patients had stiff thoracolumbar spines (e.g. patients with AS and patients with prior thoracolumbar fusions, see Table 1 ) resulting in a limited postop ability for compensatory changes in the thoracolumbar spine and, thus, a limited chance to influence the C2-S1 SVA, C7-S1 SVA and C7S measures by active thoracolumbar adjustments.
It remains difficult to predict whether patients will achieve a postop global balance with the head centre of gravity and C2-SVA balanced over the trunk or if only the trunk will be balanced, but the C2-C7 SVA is still translated far anteriorly [59] . Pelvic and lower limb compensation mechanisms can take part in adjustments for nuances of residual sagittal imbalance following CK surgeries [20] as it was seen also in CK patients operated in the current study, though we could not collect pelvic parameters. We observed, however, a postop correction of regional cervical balance in terms of a reduction of C2-C7 SVA (and C2-S1 SVA) and accompanied by a reversal increase of the C7-S1 SVA with moderate improvement of C7-S1 until last follow-up (Fig. 6) . Changes of the C7-S1 SVA are mediated by thoracic, lumbar or pelvic adjustments. Our findings suggest that significant correction of severe CK as in the current sample causes changes of the truncal alignment and relocation from a prior compensatory alignment. Postop difficulties were observed in CK patients to adjust global balance following an immediate and significant CK-correction, but this condition improved over time. Likewise, changes over time were also seen in our patients. Correction of cervical deformity was not found to correlate with surgical approach or traction strategies. However, CK-correction was improved in patients with higher osteotomy grades. The latter group included 3-column osteotomies (e.g. CWO/OWO, grades 4-6 according to the Ames-classification). These osteotomies are usually located at or close to the cervicothoracic junction below the level of the vertebral artery [60] , though some 3CO were done as part of a 360°-approach in CK patients with compression of the spinal cord being draped over the apex at C2-7 levels. The more caudal the osteotomy position is, the greater is its impact on posterior translation of C2-7 SVA and, thus, relocating the head centre of gravity over the trunk [14, 20] . In our study, patients with 3CO showed a significantly different correction of C2-C7 SVA with an average 27 mm compared to patients without 3CO showing a change of C2-7 SVA of average 7 mm. Findings are in line with a study on 48 patients that had 3CO in the lower cervical or upper thoracic spine [1] . Postop mean change for C2-C7 was SVA 38 mm versus 17 mm. The more caudal thoracic 3CO had a larger effect on restoration of sagittal balance.
SVT at the osteotomy site can cause instability and poses a risk for neurologic structures [28, 44, 45, 61, 62] and was observed in 27-44% in previous CK studies [20, 44, 63] . SVT is the result of advanced correction, eccentric force application, non-physiologic angulation, and the difficulty to concentrate corrective forces at a single COR [20] . In a recent study on 53 patients that had 3CO for rigid CK, Koller [20] established an analysis of Center of Rotation (COR) location in 23 patients and showed that a significant mismatch between conceptional and actual osteotomy COR existed. The actual COR was far off the conceptional COR. These findings added evidence to understanding of SVT in patients with CK surgery. In the current study, SVT correlated with the degree of deformity correction. It also correlated with occurrence of major complications and postop segmental motor deficits. These observations stress that SVT control during correction remains an important goal and a field of research.
Complications
Surgical correction of rigid adult thoracolumbar deformities [64] and CK is challenged by the potential for a significant number of complications. In cervical deformity surgery, major complications were reported in 24-60% including neurologic complications in 7-25% [1, 44, 65] . Complication rates with cervical 3CO can be as high as 60% with reoperation rates of 33% [1] and the rate of severe neurologic deficits can be as high as 17-19% [1, 44] .
In a retrospective study on 23 patients from 13 centres with cervicothoracic and upper thoracic 3CO, the incidence of major complications was 52% with 39% of patients being affected [30] , 22% had neurological root-related major complications. In a study of Langeloo [66] revision surgery was indicated in 13%. In another series on 48 patients from two centres [1] with cervicothoracic and upper thoracic 3CO, reoperation rates were 33% for lower cervical and 18% for upper thoracic 3CO. 6% of patients had infection and neurologic deficits requiring revision surgery. 8% of patients required revision for non-union. In the current study, the authors analysed whether the correction technique, approach strategy or osteotomy type influences perioperative complications. Immediate post-operative complications were common (43%) and increased with age, BMI, the POV-Group, surgery time, ASA-score, blood loss, with LIV > T2, and with higher preop sagittal plane deformity. Defined as an immediate postop complication, postop segmental motor deficits were studied and, notably, osteotomy type and grade as well as DAR had no significant influence. However, in the POV-Group there was an increased risk for occurrence of a segmental motor deficit. The MRC-grade correlated with age and the degree of deformity correction and particularly postop SVT. Most patients with postop segmental motor deficits recovered; however, the potential for permanent injury exists. Root-specific complications due to iatrogenic stenosis as a consequence of extension osteotomy closure, infolding scar tissue, and SVT were also frequently observed in the past during CK-correction in AS patients [44, 67] .
In our study one patient deteriorated permanent by one ASIA grade and at follow-up MRC-grades averaged 4.5 and only two patients had MRC ≤ 3. Comparison of neurologic complications in studies with CK-correction using modern instrumentation is difficult because there are few large series available [44, 68, 69] . In three reviews focused on AS patients, the sample sizes were 188-286, 19-23% of patients had neurologic complications mostly in the form of a transient C8-radiculopathy, and 3-4% had permanent spinal cord deficits. Kurakawa [70] , Nakashima [71] , Hojo [72] and Blizzard [73] reported an increased rate of C5-palsy with increasing CK-correction without preventive foraminotomy. In a series of 16 patients that underwent circumferential release and 3CO, 19% had postop temporary C5-palsy [34] . Using modern screw-rod constructs in 16 AS patients with rigid CK undergoing 3CO, Langeloo [66] reported that 10 patients (63%) had some type of neurologic deficit, 9 had C8-paresthesia, 1 developed a spinal cord deficit. In the study by Samudrala [42] , 3 of 8 patients (38%) with 3CO for rigid CK had postop neurologic deficits in terms of rootrelated pain or decrease in motor function. In a study by Tokala [47] 3 of 8 patients with 3CO had transient C8-rootrelated deficit. Other small series with posterior 3CO [48] or combined approaches [27, 28, 33] did not observe neurologic deficits.
In the current study intraoperative neuromonitoring (IONM) was used in 67% of cases. Similar to a case reported by Park [74] postop new root palsies could not be completely prevented using IONM. The reasons for an overall low rate of permanent neurologic complications might be related to the experience in CK-correction of surgeons participating in this study. Park [74] and Mummanei [33] showed that IONM can influence decision making in CK-correction due to intraoperative alerts. The surgeons in the current study share this experience and, thus, IONM is considered an important instrument in CK-correction.
The incidence of major long-term complications (22%) in our study increased with surgical time, in smokers, and with larger preop RKA, deformity correction, and SVT. The need for revision surgery in cervicothoracic fusions can be as high as 9%-33% [1, 31, 40, 65] . In our study the revision rate was 26% emphasizing that not all major complications necessitated revision surgery. The risk for a revision was elevated in the POV-Group, in smokers, and greater deformity correction. Patients with revision had a significantly greater increase of the DJK-angle and a larger residual deformity in terms of postop C7S, SVT, and DJK-angle.
Distal junctional failure was an indication for revision in 13% of patients and resembles a known challenge in long fusions crossing the cervicothoracic junction, particularly in elderly patients. Residual deformity in adult thoracolumbar deformity is frequent, about one-third of patients on average [75] [76] [77] [78] [79] [80] . In cervical deformity surgery, 46% of patients were reported to have failed radiographic outcomes if a 'physiologic' cervical SVA was defined as surgical target [81] . With residual imbalance, there is a significantly increased risk of construct failure, delayed union, and loss of correction [75, [80] [81] [82] [83] [84] . In a study on 71 patients with cervical deformity [29, 81] , a multivariate regression analysis revealed that the occurrence of post-operative DJK was the only significant parameter associated with suboptimal outcomes in respect to correction of C2-C7 SVA. A larger thoracic inclination (T1-slope) was related to significantly increased rates of DJK (29% vs. 1%). In another analysis [29] on 101 patients, 24% of patients met criteria for DJK and 6% needed revision surgery. Baseline radiographic parameters were identified as strongest predictors for DJK. Patients with bigger preop deformity are prone to reveal residual postop deformity and, thus, increased stress at the distal fusion levels where DJK occurs. A recent study [39] on 91 patients with posterior cervicothoracic fusion reported mechanical construct failure in 23% of patients and 37% of patients needed revision surgery. Main diagnosis for revision was DJK (79% of revised patients). The study had a heterogenic patient group including patients with or without CK-correction. The risk for mechanical failure, wound-related complications, and revision surgery increased in patients with rheumatoid or syndrome-related spinal disease (e.g. our POV-Group) as well as in patients with lower pedicle screw accuracy at the LIV. The risk for revision surgery was significantly related to the degree of preop deformity (C2-C7 SVA and C7S) and it was significantly lower in patients who had undergone a CK-correction using, e.g. 3CO as well as in patients with better postop sagittal balance [20] . In a study on 135 patients with cervicothoracic fusions, Yang [85] reported a pseudarthrosis rate of 7% and the risk increased in patients with lack of anterior support, longer fusion, and tobacco use. In a study by Hirano [86] on 56 rheumatoid patients (e.g. our POV-Group) and long occipito-thoracic fusions, each 20% experienced distal junctional compression fractures at the LIV or implant failure with revision surgery in 16%. In a similar study by Tanouchi [87] 26% of patients suffered distal junctional fractures and this rate was increased in patients fused to T1-T3 versus T4-T7. In our study, of 11 patients with distal junctional kyphosis or failure, 8 patients (72%) had LIV > T2. Statistical analysis showed that patients with increased DJK-angle, increased C7S, the POV-Group, and smokers had increased risk for revision surgery. In perspective of the literature, our findings add evidence to the assumption that long fusions crossing the cervicothoracic spine, ending in the upper thoracic region, docking in poor bone and in a spine with residual global imbalance, have an increased risk for distal failure and revision surgery.
Finally, fusion following revision surgery was achieved in all patients in the current series at follow-up. The risk for wound-related complication was 14% and occurred only with the posterior approach. In another series [39] any kind of wound-related complication with a posterior cervicothoracic approach was noted in 52% of patients, if patients with deep-fascial dehiscence were also included. Prior studies have shown an increased risk for wound-related complications such as wound-dehiscence and infection with posterior compared to anterior approaches [88, 89] in the range from 3% [85] , 6% [90] , 10% [91] to 14% [86] in cervicothoracic surgeries and 7% [33] , 12.5% [66] to 25% [47] in CK surgery.
In long complex surgeries for CK-correction, pulmonary dysfunction and fluid-shift related anaesthesiologic complications can cause a significant delay of postop reconvalescence and can contribute to the occurrence of wound-related complications. The duration of ventilation averaged 0.4 days with a wide range from 0-7 days. Theologis [44] reported on 20% of patients needing tracheostomy following cervical 3CO and 10 days of intensive care unit stay. In O'Shaugnessy's study [34] on 16 patients, 19% had tracheostomy and prolonged ventilation. Mummaneni [33] reported on 13% of patients necessitating PEG/tracheostomy placement. In another series on 20 patients with long cervicothoracic fusions, 45% experienced airway oedema requiring extended intubation or reintubation [92] . Likewise, pulmonary complications and prolonged ventilation in up to 25% of patients resembled the majority of complications in a subgroup of elderly patients that had long cervicothoracic fusion [31] . Notably, in another series on CKcorrections the need for tracheostomy placement was 0% [20] . Those authors [20] and others [92, 93] stress that advancements towards a combined approach of surgeons and anaesthesiologists towards a deformity oriented anaesthesiologic care, including restricted fluid-volume and blood management protocols, can reduce the rate of postop wound-related and medical complications.
In the current study, two patients died as a result of surgery related medical reasons and one patient due unrelated causes. Morbidity and mortality rates are similar to other studies reporting on long cervicothoracic fusions [31] and those of prior reviews on CK-correction [16, 44, 66, 68, 69, 94] .
Limitations and conclusions
The study shares limitations with other retrospective studies on CK-treatment due to its retrospective nature with limited access to preop and postop clinical and complications data making complication data particularly subject to recall bias. Prospective studies on adult deformity surgeries [64] have shown increased rates of complications if compared to retrospective series. The current study identified several risk factors for complications and revision surgery. Future prospective study designs might delineate the independent drivers of perioperative complications and revision surgery. Though limited in its retrospective character, several new observations could be explored in a large sample of an otherwise rare pathology, namely rigid CK.
This study serves as an excellent basis for future prospective studies as it outlines those variables, surgical characteristics and alignment variables of major interest in the research on CK.
